Abstract: A six-phase AC motor is a conventional AC motor with two three-phase stator winding sets. Depending on the phase displacement, this motor can be symmetrical or asymmetrical. This paper investigates the optimal phase displacement to minimize the input current ripple of PWM inverter that is used to supply the motor. Single and double carriers are used in the PWM. Based on the analysis results, it is found that the optimal phase displacement is 60º when single carrier PWM is used and zero phase displacement when double carrier is used. Experimental results on six-phase induction motors with phase displacement of 0º, 30º and 60º are included to show the validity of the proposed analysis method.
Introduction
A multiphase motor is an electric AC motor with phase number more than three. Multiphase motors can be classified into two types, i.e. prime phase and multiple three-phase [1] - [2] . The examples of prime phase motor are 5, 7, and 11 phase and for multiple three phase motor are 6, 9, and 12 phase. Multiple three-phase motors are more popular because it can be supplied by several conventional three-phase inverters. Moreover, the three phase stator winding sets in multiple three phase motors can be configured symmetrically or asymmetrically to obtain another advantages e.g. minimum inverter input current, stator current, and torque ripples. The optimal configuration when the motor is supplied by using a squarewave inverter is the asymmetrical configuration [2] - [3] . With this configuration, minimum torque ripple is produced. These have made the asymmetrical topology as the most commonly applied multiphase motor in industry e.g. elevators, railway tractions, electric vehicles, ship propulsions, and turbo compressors [4] - [10] . The only example of symmetrical motor that has been reported is for highspeed elevator [11] .
Today, most of AC drive systems are supplied by using pulsewidth modulation (PWM) inverter and many modulation techniques have been proposed [12] - [23] . All the proposed modulation have a purpose to reduce the current ripple on the output side of multiphase inverter without considering the inverter input current ripple. Minimization of inverter input current ripple is very important because it is related to the lifetime of inverter input filter capacitor, that is the vulnerable component in voltage source inverter. At present, a few works on the input current ripple of multiphase PWM inverters have been reported [24] - [30] . In the case of squarewave mode operation, it is known that the input current ripple will be minimum when the asymmetrical configuration is used. Until now, however, no works have shown the optimal phase displacement between two stator winding sets in six-phase motor when it operates under PWM mode.
This paper presents an analysis method of input current ripple of PWM inverter-fed six-phase AC motors. Single and double carriers are used in the PWM. The expression of the input current ripple as a function of phase displacement between two stator winding sets is first derived. Based on the derived expression, it is found that the optimum phase displacement that results in minimum input current ripple is 60° when single carrier PWM is used and zero phase displacement when double carrier is used. This result is different to the one under squarewave mode. Experimental results under 0°, 30°, and 60° phase displacement are included to show the validity of the analysis method.
Squarewave Inverter-Fed Six-Phase AC Motors
The scheme of six-phase AC drive system that is discussed in this paper is shown in Figure  1 . The AC motor has two stator winding sets with phase displacement of γ. The two neutrals of two three-phase windings are isolated. The inverter is a voltage source inverter with a constant DC voltage source. The inverter switching devices are assumed as ideal switches in the analysis.
In the early development of inverter, AC motors are fed by squarewave inverter. In squarewave inverter, the inverter legs are switched at the fundamental frequency as shown in Figure 2 . In three phase inverter and multiple three phase inverter with isolated neutral, this produces six-step waveform in the inverter output. , and are the output current for phase , , of set . For simplicity of the input current ripple analysis, only the fundamental of output current is considered as follows
In (2)- (7), is the rms of output current, = 2 , is the inverter fundamental frequency, is time in second, is the phase displacement between three phase sets, and is the power factor angle.
From (1) and Figure 2 , the average value of mean square current over one fundamental period is obtained as:
The mean square value of the input current ripple can be obtained by subtracting the mean square of input current over fundamental period with the square of the DC input current as shown in (9) . ̃2 = , 
The optimum phase displacement can be obtained by
The result is phase displacement of 30°. Simulation is done in this paper to show the configuration effect on the inverter input current ripple. Under steady-state condition, per phase equivalent circuit of induction motor can be represented by a series connection of a resistance, an inductance, and a sinusoidal emf. If the rotor is locked, the emf is zero. In the simulation, the resistance of 2.5 Ohm and inductance of 5 mH are used. The DC input of the inverter is set constant at 40 Vdc. The fundamental frequency of the inverter is 50 Hz. The simulation results are shown in Figure 3 . From the figure it is clear that the asymmetrical configuration produces minimum inverter input current ripple compared to the symmetrical configuration (zero and 60° phase displacements). Moreover, the input current ripple frequency is twelve times the fundamental output frequency. So, this is the additional advantages of asymmetrical configuration besides of minimum torque ripple. 
Single Carrier PWM Inverter-Fed Six-Phase AC Motors
In carrier based PWM technique, six-phase reference signals are compared to a high frequency triangular carrier signal. The sinusoidal reference signals for the inverter are listed in (13)- (18).
In (13)- (18) , and are the reference signals for phase , , of set , and is the modulation index. Equations (13)- (18) are drawn in Figure 4 . The waveform pattern in Figure 4 is repeated every /3 and has three different forms. In the interval of ( 6 − 2 ) < ≤ ( 2 − 2 ), the forms are symbolized with A, B, and C, i.e. A.
If the carrier frequency is much higher than the reference ones, the reference signals can be assumed as constants during one carrier period. By using this assumption, the detailed waveforms of the inverter in one carrier period for the interval A can be drawn as shown in Figure 5 . is the switching period. Sb1   T0 T1 T2  2T6  T3  T4  T5  T0  T1  T2  T3  T4  T5   t0 t1 t2 t3 t4 t5 t6 t7 t8 t9 t10 t11 t12 t13 Figure 5 . Detailed waveform in the interval A
Analysis and Minimization of Input Current
Based on (1) and Figure 5 , the input current in one carrier period can be obtained as: 
The mean square value of the input current in one switching period can be obtained as:
So the mean square value of the input current over the interval A can be obtained as (22) . The mean square value of the input current during the other interval can be obtained similarly.
The time intervals in (22) 
The average value of mean square current over one fundamental period is obtained as: 
Based on (33), it can be seen that the current ripple is a function of output current, load power factor, modulation index, and also phase displacement. The input current ripple is not influenced by the switching frequency of inverter. Thus, the input current ripple cannot be reduced by increasing the switching frequency.
The optimum phase displacement can be obtained by applying (12) to (33) and the result is 60°. This is shown clearly by Figure 6 for power factor (PF) of 1.0 and 0.8. The phase displacement of 0°, 30° and 60° are symbolized by 0SC, 30SC, and 60SC, respectively. Thus the optimal phase displacement for single carrier PWM inverter is different to the case of squarewave mode operation. Sb1   T0 T1 T2  2T6  T3  T4  T5  T0  T1  T2  T3  T4  T5 t0 t1 t2 t3 t4 t5 t6 t7 t8 t9 t10 t11 t12 t13 
Optimization of (41) by using (12) produces zero phase displacement that gives minimum input current ripple. Thus, the result is different to squarewave mode and to single-carrier PWM technique. From (33) and (41), the current ripple equation for phase displacement of 0°, 30°, and 60° are shown in Table 1 for single and double carrier PWMs. From the table it is shown that zero phase displacement with double carrier produces identical current ripple to 60° phase displacement with single carrier. Interchangeably, double carrier in 60° phase displacement produces identical current ripple to zero phase displacement with single carrier. In 30° phase displacement, single and double current both produce similar input current ripple. Identical to 0SC
Validity of the Derived Expressions
In the preceeding analysis, it was assumed that the carrier frequency is much higher than the fundamental output frequency. Moreover, it was assumed that the inverter output currents are sinusoidal. In order to check the accuracy of the proposed analysis method, a simulation with resistance of 5 Ohm and inductance of 2.5 mH was conducted. The carrier frequencies of 1000 Hz and 500 Hz were used. The carrier frequency of 1000 Hz produces inverter output current with THD (Total Harmonic Distortion) less than 27% and the carrier frequency of 500 Hz produces more than 27% THD (Table 2) . From Figures 9 and 10 , we can see that the results are still acceptable though the carrier frequency is low and the THD is large. 
Experimental Results
The first experimental set up was built using the available six-phase induction motors with phase displacements of 0°, 30°, and 60°. During the experiments, the rotors were locked to eliminate the effects of motor emf in the calculation. Based on the locked rotor measurement results, it is found that the motors have equal total resistance of 2.5 Ohm and inductance of 5.05 mH (the stator leakage inductance is 0.2 mH and the rotor leakage inductance is 4.85 mH). The inverter switching devices are implemented by using power MOSFETs. The fundamental output frequency is 50 Hz and the carrier frequency of the PWM is 5 kHz. The DC input for the inverter is adjusted constant at 40 V during the experiments. The current waveforms are recorded by using a digital oscilloscope so that the results can be further processed to determine the ripple content.
The experimental waveforms of the output current and input current when single carrier PWM is used are shown in Figure 11 . The modulation index was unity. This figure shows that the zero phase displacement results in the lowest output current ripple. This is because no circulating current harmonics in the stator when zero phase displacement is used. However, in 30° and 60° phase displacements, some current harmonic components only circulate in the stator. This current ripple amplitude is only limited by stator leakage inductance. The induction motor has smaller stator leakage inductance compared to rotor leakage inductance. This makes large stator current ripple, especially six-phase induction motor with 60° phase displacement [31] .
The THD of the experiment is shown in Table 3 . From the table it is known that in average, the THD of phase displacement of 0° and 30° are less than 33%. This made the experimental results have good agreement to the calculated result, as shown in Figures 12(a) and 12(b) . Larger THD is produced in 60° phase displacement. This makes the experimental results could not trace the predicted current ripple (Figure 12(c) ). Large error are resulted when modulation indexes are 0.6 to 0.9. However, the experimental result of modulation index 1.0 could show that the 60° phase displacement has lower input current ripple compared to zero and 30° phase displacements (Figure 11) .
The experimental results when double carrier waveform is used are shown in Figures 13 and  14 . The THD of the output current is shown in Table 4 . From these results, it can be seen that the double carrier results in similar result to single carrier when phase displacement is 30°. From Table 4 , the THD of zero phase displacement become larger compared to its THD when single carrier is used as shown in Table 3 . The experimental results in Figures 13(a) and 14(a) also show that the current ripple become similar to 60° phase displacement with single carrier PWM as shown in Figures 11(c) and 12(c) . On the other hand, the output current THD of 60° phase displacement become smaller when double carrier is used. However, this produce larger input current ripple as shown in Figures 13(c) and 14(c) , similar to zero phase displacement with single carrier PWM. experimental waveforms of the output current and input current are shown in Figure 15 . The modulation index was one. It can be seen from the figure that the output currents are almost sinusoidal. This is resulted since the stator leakage inductance is larger than the rotor leakage inductance. The figure shows that the 60° phase displacement results in the lowest input current ripple when single carrier PWM is used. The figure also shows the minimum input current ripple in zero phase displacement when two carrier PWM is used. The input current ripple as function of modulation index is shown in Figures 16 and 17 , each for single and double carrier PWMs, respectively. The 0DC, 30DC, and 60DC are for double carrier PWM inverters with phase displacement of 0°, 30°, and 60°. From the figures, the agreement between calculated and experimental results could be appreciated, both for single and double carrier PWM. 
Single

Conclusion
An input current ripple analysis method for PWM inverter-fed six-phase AC motor has been proposed in this paper. Single and double carrier PWM are used in the analysis. The analytical result has shown that the minimum input current ripple for single carrier PWM is provided by phase displacement of 60º. Experimental results have supported the proposed analysis method. This concludes that the asymmetrical configuration is no longer the optimal configuration, from the input current ripple point of view, when six-phase AC motor is supplied by a PWM inverter. Analytical and experimental results when double carrier PWM is used have shown that the optimal phase displacement is zero.
